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Dynamic spatial filtering of deformable mirror commands for
mitigation of the waffle mode
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ABSTRACT

The conventional adaptive-optics (AO) system configurat ion consist illg of a Shack-Hartmann wavefront sensor
using the Fried g<..'Ometry is pmne to all unsensed wame mode hecause of an inability to have discrete point
reeonstruction of the phase at the actuator positions. Techniques that involve filtering and/or projeding ont the
waffle mode in the reconstmdor have been shown to be (lll'edive at not allowing the unwantpd mode to occur,
but come at the cost of also omit ting relevant high frequency content from the measured phase. This paper
analyzes a technique of sensing the wame mode in the deformable mirror commands and applying a spatial filter
to those commands in order to mitigate lor the waffle mode. Dircelly spatially filtering the deformable mirror
commands gives the benefit of maintaining the reconstruct ion of high frequency phase of interest while having
the ability to alleviate for t he wallie pattern when it arises.

Keywords: adapth'e opt ics, waffle mode, spatial filtering

1. INTRODUCTION
The waffle pattern is a mode that goes unsensed in many conventional adaptive-optics systems that use the Shack­
IImtmann wavefront sensor (SII WFS) and Fried sampling g(lomelry to measure and reconstruct the phase at
the actuator positions of the deformable mirror (Dl\I). When this mode goes unsensed, it is not l'Orrl~ct.ed by
the DM and can accumulate within the closed-loop operation of the system. During night testing conducted at
the Air Force Research Laboratory (AFRL), Starfire Optical Hange. Kirtland AFB, NM, this wallie has been
observed on their 3.5 meter telescope AO system. 'Vhen this mode lllTumulates, the adaptive-optics operator
opens the feedback loop of the system in order to clear the D1\I commands and alleviate the wallie. However,
the discontinuation of closed-loop adapt ive-optics imaging is undesirable during data acquisit ion runs. The
AFRL's Sodium Guidestar Adaptiw Optics for Space Situational Awareness Program (:\GAS) is updating the
AO system on the SOR's :3.5 meter telescope and sponsored n'seard. into techniques to mitigate for the waffle
when there is an accumulation on the DM. This paper will discuss a technique of sensing the wallie by correlating
the DM commands with a known wallie pattei'll and mili~aling the wame, when it occurs, by spatially filtering
those commands. The technique will then be evaluated (lxperimentally in order to detel'lnine its ut.ility for an
operational AO system.

Several authors have explored difrerent approaches 11)1' suppressing t.he waIHe mode behavior inadnptive-optics
systems. Gavel introduced a technique using singular value decomposition to modally segregat.e and penalize the
wallie behavior, thereby suppressing the waIHe from being reconstructed in the wavefront solution. I There has
also heen work in spatially filtering t he reconstruction matrix which attenuates high spatial frequency content,
dllcreasing sensitivity to misregistration and the occurrence of wallle.2 These techniques are efrecti\'(' at not
allowing waIHe to build, yet subsequently suppress the spatial fn'quency content that is associated with this
particular mode. The Hudgin sampling geometry could also be utilized and is sensitive to the wallie pattern,
yet we used the Fried geometry to match the I\GAS program which sponsored this research.:l This paper will
present a technique that only alleviates for the waffle whell it is detected and docs not effect the reconstl'Uction
of the phase when the mode has not accumulated to a degree that causes degradation in the performance of the
system.

The next section will diseuss how the warne mode dC'vclops and why it goes unsensed using the Fried geometry
coupled with the SII WFS. Sect ion 2 will detail the method us(·d 10 sense the warne mode when it develops on



Figure 1. Waffle mode over a Di\L An inlerferogram over a DM is shown wilh the actuators COlllllllUlded to the waffle
pattern.

the commands sent to the Dl\J. Then in Section :~ the method for spatially filtering the 0:\1 collllllmlC)s when
the waffle is sensed will be discussed. Section 4 presents the optical bench setup that was used to conduct
the experiments. The results and analysis of those experilllents are given in Section 5. Section G presents the
conclusions from this research.

2. WAFFLE MODE

\Vame is a prevalent unsensed 1II0de which can lead to unw/lIlted collllllands sent to the orv!. WFSs with square
subapertures aligned to the comer-positions of a 0l\1 coupled with II Fried geometry reconstruction method is
part icularly susceptible to this 1II0de, as shown in Figure 1. The Fried geometry has no cross-coupling in the
discrete-point reconstruction of t he phases on the actuators, detailed in Section 2.1. This allows piston differences
betwet'n two independent actulltor spaces to be unsensed in the rPl'Onstruction of the phase.

2.1 Unconstructed waffle mode using the Fried geometry

SII \VFSs cannot measure phase directly. Instead, it measures wavefront gradients over each subaperture. The
gradients from the SH WFS are used to piece together a iliaI' of the phase so that it can be used with the
servo-controller for the DM. There nre Illultiple alignment geonll!tries that give the registrnlion between the
actuators and the WFS subnpert.llI'es such as the Hudgin geometry, Southwell geometry, and Fried geometry.
Each of the geometries has its own characteristics that alrect t.he stability of the contl'Ol system, but. the Fried
geometry is lIsed for this resel\l'ch. The Fried geometry is a wmmon choice in many AO systems because of
the low computational complexity and its relation to squllw detector arrays. The Fried geolllet ry defines the
relat ionship between the relative slopes over each subapertlll'e measured by the SH WFS aud the phase of the
actuators at the corners of the subaperture. Figure 2 is a depiction of the Fried geometry (weI' a subaperture
where if...m. if..+l,m' ";; .. ,III+1>l\nd if..+I.m+l are the phases at the actuator locations and the suhscripts (11, m)
designate a specific acluator position. The Fried Geomelry gives a direct relationship bel weell t he measured x
and 11 slopes of the subaperture (sr )...'" and (Sy) ...m, and phase nt the actuator locations givell hy

1 I
2('ftl+l,m - 'f .. ,m) + 2('ftl+I.III+1 - 'ftl,m+d,

1 I
2('f1l.m+1 - 'f ...m) + 2('f..+1,U1+1 - if1l+I.III)'

(1)

(2)



Fried Geollletry

----,
(s~)n.rt1 I

I
(SJn.111 I

----•

Cpn,lll+ I,
I
I
I

•

CPll+I.III+1

FigurI':2. Fried geomrtry. 'I'll(> ~lop,' f1lC'llSIII'('lIl('llls flYCr lILt' ~1l),aJlt'rl\1r,· an' lI~ed 10 t'Stilllille Ill(' ph:L~(' al lhe {"orner
i1ctuillor positions.

TIl(' wllllle pRt tern occurs \dlCll 1h(' plll1se belll"t'Cll IlClllHIOrs IIrt' M'llsell to be zero Wlll:'11 ill m'l wilily they hn\"c
piSIOIl dilfNCtlC('5 hN \\'1'('11 11ll'11L. I For f'xHtllplc. ill I he silliplitil'd n\1iP \dlcrc the act Iwl pltm;(' ilt t h(' IIct untoI'

POsiliolis llfe ..;",.., = l/lrad. ";"+1.,,, = -1 jll"ad. ";".m+J = -1 IIrnd. Ilwl ";"+1.,,,+1 = 1 Jlrad. thl' ndclilalwi
slopes IlSillg Eqs. (1) Illid (2) would Iw Z('l"O for (sr)".m Hild (.~~)".",. Tlip piston diffcl'CllCeS IlPllI'('I't1 the phnsc
at Ille act \HIt or posit iOilS 111'(' IIO! r('pr('M~111 ('(] ill tlll' rall"lilall'( J slol l(''; ,;U Illey Cllllnot 1)(' r('("ollsl 1'11('1 1,(1.

DII(' 10 lhe large 11IiLgilii lId\' of ll1'tlHllors IlInl nrC' Ilsl'd, EllS, (I) Hilt! (2) CHIl be ]"('I)I'('51'1I1('d ill 1Ililirix for III

for rOlllplllntional simplkil,\'.

s = AI{). (0)

wher(' s represenls I he 111('H.~IlIWI slopes OI'CI' endl 5I1bllp(,l"1llr('. A is I Ill' Fricd gCOlllDI ry's IllallU'lllal iral rdat iOIl­

shillS. Ilnd",:; represcliis 111(' 1,llll:'i1' of lilt, Wll\'efrOlII o\'cr IIII.' IIrlllalon;. III order 10 pro(llll'c 1111 I'slillmlf' of..;.

Ilcsigll<ll('d as o. frOln 1111' slOIH' Ill('aSllr('lllPllIS s. a relaliollsllill 11111~1 1)(' dpfillf'd sllch Ilial

t/> = 1'vls. (" )

wlll're IVI i.-; refcned 10 as I Ill' l'!'E"oIISlrlldor IIlntrix, .\'olilll!; 111/11 ill 1:\1. (:{), I lie gcolllclrx 1I111trix, A, defines

Ille reinliOllship lwtWL'CII till' 111\'ilsur('(1 510pPii alld 1111) Ill1IISI'. i111 illl'('rsioll of A is Ils('d 10 IJrn(IIWI' illl l'stilll"le

or tv!. I.eilst sqnares eslilllHlinli is Ilir 1I10S1 ('0111111011 H'clilliqlll' dill' 10 ils lllinillHl.l t'Olllpll'xity IWl'forJllillg 11

pS{'lIdoilll'CI"S(, of A. as showil h.\'

0 = A +8. (5)

0 = (A'I A)-lArs. (6)

0 iVls. (7)

'rill' fceOllsl ruel i011 Ilwlrix, 1\'1, wllil·11 is fonned by t lie W~lllll'l ry lililirix is I hilS Illwbk' 10 1'01"111 il sllllll iOlI of Ille
\\'1L111c Illode ill IllD retOllst nll'( illli of 111[' plli\se..'Joise ill 1111' Wi\\'I'frOlII sl'nso)" IlleilSllrelllC111:'i 1\lul III isn·gisl rat iOIl

\'1111 E'llIlS(' 1he waflle to del'plop. '1'11"1"1'101"" tIl<' sllhapertlln's IOE'lIIC'd OIl Ill<' "dge of tlle Sl'lisor aI''' pllrtil;ularly

proll(' 10 dc\'"Jop I Ii" WII III, , lirsl (Illp lot hI' 100\'l'r i IIIJ1Ili Ilifl iOIl 1('I'l'ls HI IE I SII b51'(11II'll1 10\\"\'1' sigllal-t \ ,·noise 1"111 ios



in those areas. The wafllp pall<'rn cau then accumulate OVPI' tIll! 1)1\1 in a closed-loop feedback system because
Ihe sensor cannot sense the mode for compensation. A ),Ilue-typl' diffraction pattern can form in the image
plane of the system when tlw 1):\\ is in a watHe 1IIodc. This dillhlCtion pattern has been noted to occur when
compensating for a star with 11 re~ulal' arrangement of spots over long exposures.5

2.2 Detecting the waffle in DM commands

The wame mode is not developed in the reconstructed phase usin~ the SJI WFS and Fried sampling geometry
and therefore cannot be detected in the phase space using this configuration. Though due to the nature of the
accumulation on the deformable mirror, discussed in Section 2.1, the ,mme shows up in the commands being sent
to the actuators to form that patlem. fi The commands to the D1\1 mn then be used to dl'termine the amount of
the mode that is within the AO system because ultimately the dwckercd pattern appears there.

Consider the 3 x 3 matrix, W, that have values that are in the 1<'l'In of a waffle arrangement,

This waffle matrix, W, contains a pure checkered pattern and is used to evaluate how much of this formation
occurs on the deformable mirror command by correlation. The C'Ommands, C(m.ll), that are sent to the de­
formable mirror are two-dimensionally cross-correlated usin~ :\L\TLt\I3 ©. with the pure wame matrix, W, as
shown by

.\1c-lSc-l

V(i,j) = L L C(m.II)·W·(m+i,lI+j),
tII=O /1=0

(8)

where V is t.he cross-correlation matrix, (i,j) are the conesponding actuator posit.ious for V, (m,1I) are t.he ac­
tuatOl' coordinates for the cOlllmllnds sent to the DM, and (M", N,.) are the dimensions of C. The magnitude of
V althe actualor positions indicates the strength of correlation to the wame pattern at different areas across the
DM. A t.hreshold, 6w , is lIscd as an indicator of the strength of correlation to waffle. The threshold is determined
by purposely inducing the waflle mode onto the AO system and determining the st.rength of the the mode t.hat
begins to degrade the system in terms of Strehl ratio. The arPllS that nre strongly correlated to the waffle mode
and surpass the threshold are designated as a wamed region and t he number of regions are sUlllmed together to
form a metric for the amount of waflle ou the D:\I, as shown by,

V".(i,j) = { 1
o

, V(i.j) 26w

, V(i,j) < 6w

(9)

Vw = LLV,.,(i,j).
j

(10)

The wame number, \~•. , provides a useful metric for detel'minin~ the amount of the check(·J'('c1 pattern that
accumulates on the OM, while the waflle matrix. Vw(i,j), gives the spatial location of where the waffle is
accumulating on the DM. This resparch is using spatialfiltel'ing tedllliques on the entire Dl\1 when it is applied,
therefore Vw is used as the general metric to determine Ihe dfe<:l iveness of the filtering. Fut me research will
apply a localized spatial filter to specific areas of where the mode is developing so the waffle matrix V",(i,j) can
be used as the indicator of when and where to apply the mit igal.ion technique.



3. SPATIAL FILT8lUNG OF OM COMMANDS

Slmtill11y Iihl'rillg thp ,Idonllilhl" Illinor COllllllallds ;!;in'S 'liP option 10 Iitaililnill 11 t:OllW'llliollfll r('("onstructol'

whil(' SI ill IIiWillg Ihe .lbilily 10 illlerlllilll'lIlly lllil igllll' till' \\"HlIll' IIlOd!' whC'1I it O('('lIr$. Tlu~rl'by, maim ainillg IhI'

high fn~plt'll(,Y ("Olllt'lll ill '!lP phasf' llllli cOITPSpollds 10 '!lP lIlod{'. For the' cXl'prilllems in this pHper. a spHlial
filler wilh 11 Gallssirl1l profile. G. as showll by

O.GI]:I
O.OS:'t,S
O.QI1;~

11.l1S:l.S
0.6 I!):l
O.08~

O.Olla ]
O.OS:\8
0.011:1

was uS!.'(1 to 1I11cdnte Ihl' walll,' mode by applying ,1](' ItIntrix diret:lly to the COlllllHlIlds S('lIt 10 the O~1. The
filter. G. is two-dimensionally cross-correlated to the IHI cOlllmands. C(III.Il). as shown by.

.\I.. -IS.. -'

C(i.j)= L L C(m,II)·G·(m+i.lI+j). (11)
m=O n=O

where C is thf' spatiall,\'-fihcred oollltlll\nds, (i,j) are lhe wrrespoll<lillg flrlUAlOr positions for C, (m. II) flre lhe

aclurllor coordintltf':l for th(> COllll11llllds SCI It to lht· 1)'\1. and (.\1". N..) flr(> Ihf' dilll(>lIsiotlS of C. An inn~ligalion

of th(' form of Ihe GlIlISSii\lI spalial filler shows thaI ill lhe ca.'iC' Ihnt wllfl1e docs occur O\'er the deformable
mirror. Ihe corrclatiOIl of I he G malrix \\'ill de.weighl I he eornf>r tlCllltllor POsil iOlls while maillll\ining a majoril,\'
of thc <IaHI ill the ('CmC'r aCllllllor (;Ollllllnlld. The aCllllltOI'S dircctly 10 the side of the cenler actuator arc of

higllel' \\'eigllt ill tile G Illill rix cOlTespollding to the inherC'llt collplillg of localaclulil ors 011 a COIll illllOUS facepll\le
defortlmble 1Ilinol'.

4. EXP8RIMENTAL S8TUP

The experililcllts were COllllllcteel at the Atmospheric Silllllllllioll alUl A<Iapti\'C'..Optics I.abol'l\tot,y TcstbL"(1
(ASALT) at Ihe SOB, l<il'llalid AFIl. N.\1. The prilllary bellcHI 10 Ihis laboratory is llwt experilllcliis can
be cOllduclt.,<1 11sing rf'peal ahlf' I urhlllellCe condit iOlIS alld is itl II well-cOllt 1'011('(1 C'1IViI'01111lf'llt. '1'IIe opt icnl bCllch

described ill Secl ion '1,1 !llld i( s correspolldillg hnrdwal'c is COllI rol]('(1 hy a COIllpilt cr eOllsole \1'llich compl11 es all
of the dilin processes ill Ille AO SystCltl. This col1solf' allows for progral11111uIJle 1'l"OcC!'sillg scripts 10 be illserled
itl the datil flo\\" of llle AO system. gi\'ing 1hf' ability 10 spat illily filter IIlld 1lI0niior Ill(' D.\1 COllllllllllds lIS \\'c11

flS illfluce the waflle illtClitiOlll1l1,Y, as dCl:icribed ill Sectioll '1.2,

4.1 LabonltOI''y bench setup

A Il"Iyollt of til,' bellch and ils optics is givell ill Figlll"f' :\. '1'110 lWilll1 pilI II UII tlie oplical table hegills with il

155011111 lascl' as llle SQIII"("('. "l'11C' hCfllll is propflgatt'd Illrollgll Illc iltlllOspllcric tllrlllllf'lire silllilialol' (A'J'S)
collsiSlillg of (\\'0 phasf' wlleels (11M flrc llsed to sitllllinte Ille 1lllliOSplwl'i(" ('olldil iOIlS, which call bc Ilscr-dclillcd.

Thc I1hCI"l"111c(1 be,)111 is tllell rdlected oil" 11 l:iteerillg tllirmr (S~I) ill 01"(11'1" 10 COtllpCJISalC for Ille tilt/tip ill lhc
bealli. The 1).\1 tll<'llllpplies a high-ordf'1' corrertion to the bCill1l alld is (;Oluroll"d hy thf' [).\I fOllLrollN, After

rellcuing off Ihe 01\1, I Ill' bClllll is thcli projected througll iI S('I of hf'alllSplillers 10 the 51-1 WFS and sclf­
rdcrellcillg illlerfel'Olllclcr (Sill). Thf' S11l is fI WFS Ihal 0111 diret.:lly lllea.'iUl"(' Tllf' pllRsc, bill ill this research
Ihe 511 \\'1-'5 \I'ill 1)(' usp(1 10 dosC' tIlt" AO loop. Tile healll is 1"0cllSI'd HIIII 1'f'A(ljtISIN! Il'illl Ihe Opl ics withill this
proCL'SS to simulatf' (I I..'", Ill('lf'I' AO sysieul.

-1.2 Experiment parameters and warne inducClIlellt

The /,xlwriltlclJIs for this rcscarch II't'l'C run using 1lIQ(INlllf' Htlllospheric IlIl'bulcnc/' coudilions, \'aried by the
ATS, EAch dnlll 1'11I1 was ,'oudll('lee\ for 100 frallles of rima. whf'rl' Ihe SyslCIll spL"('(1 is scalable. The S.\1 was
initiat(l(1 at fmlllC 5 10 allc\"iate for thf' O\'cralltilt inci(l.~nt 011 111(' Inl lIud eOlllJll.lIIds were scm (0 Ihf' D\1
at fnunc 10 to 1.lC'6in lJIiligillillg for the higher ordpr al.wrnuiOIlS clluscd by the allllospheric turhulcllce. The
primM.\" metriC' for Ihis t'cscnrch was \lot the ].JcrfonmlllcP of III(' AD systf'l!l in tel'llIS of Strehl ratio, bllt the
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lIliligHlioli of the w;l!tlC IlIoll" 1L('nllllllllltioll. \'u" of till' Inl. TIIl'H'lor,', ill order to lIliligllll' Ill" Illod{' ill the
('xpcriltlCll(S. the distllrbHllCI' Willi mld('(J to the SystClll.

TllPfc nre I1l1l!! iplc COIHlit il)ll,;;; 111111 are COllduciH' 10 ;\("("1l1111111L1 illg wallie all the D:\I. liS tllell! illll('IJ ill SC'CI i011 2,

'['lIe l:HllSl'S CUll range frolll Illisl'C'gisl nIt iOlll0 lrig!r lloise It'q:L~ OIl Ilw SPI1Sor, but for this r(,;,;f'fll'c)1 a IIIOI"P COlli rolled
111l'11IOdo]ol{v mls rL'(luin'(! ill ,)1"(1\'1" to l"I)pcfll tile cXpCrilllt'llIS. '1'lu..'H'ful"c.1I wallie pHtlcl'll II'HI; ;Iddcd 10 t)te
('OIllIIlHUds sellt to the 10ll'el" right 'pinner of the dcfol"ltlllb!t, lIlirl'(ll' witll 11 controlled IIlHgllilll(lc ofO,225/1lI1 of

strokc fl'OlII frllllles 20 10 '10.

TIIP eont rolled nat lire of I Ill' illdllc"d II'lIflle distllrballn' is 1ll'lldicial dlle to the repcatllbilily of I he cOlldit iOIl,
.vct IlIllst he differellliated frOIll I Ill' "OIl\'CllliOllal ('allS('s Ihnl illdu('(' tho de\'e!0plIlelll of III" Illode illternall~'

Williill OIlC'l"illional AO Systl'IlIS. TIlt' sel"\'Q-colllrollel" used 10 prodm'("I!lp [)~1 ('01l11l1ands has Illellky inlegrnlor

gilitlo u, to dissipate UllObsel'\'f'(1 lIlodes slI('h as til{' II'llllle, ilS shown by

(12)

wll{'l"e rk'+l is the IlCXI I'OlllllUltid 10 Ihe Di\L q. is lhe t'IlIT('nl ('Ollllllfliid. b is the filter gaill, ILlid lPk'+1 is the

1"I'(:ollstrllcted residUll1 pllllsl' of]" Ill(' rnl, The lei\kr illll'gmior Wlill is cOIl\'('lItiollllllr S('I to < I so thlll evell if

Iltl' l"l'sidlwl pllllsc was zero ilild t!rl' lllrh\llclIcc was statk, till' II\'XI ])i\1 COIIIIlIHlld, Ck'+I, would 1I0t bC' (,(plill to

111(' I'linenl conllllalld, ("k. 'l'llis "I)lHliliOlI is intentiollally s,'l ill onl"l" to nllo11' Illlobser\'ilblf' 1110(1",; 10 'leak' Olll

of 1111' closcd-loop sysl ell I. 'l'IIWlgll, if t IIC CIlIIS"" of t IIC' \\'lltll<' III 'VI '[(>1 1111CIII. Slldl as III ,j,;(, illifl III iSl"l'gist I'fll iOlI,

n'lwh n llWgllitlld(' that ("1111 ,w('r"Oll1\' Illl' lCllky illlcgnllol 1!./lill'S flhilit.\· to dissipiltP tIll' IHod,', the waillc call

\)l'gin 10 m:culilulalc,

5, RI~SULTS AND ANALYSIS

Figllf('.1 i~ [I plOI of I Ill' SlrL'l11 nLtio Ilml \mfllc 11llllllwl", ,ou_' Ilf I Ill' do:;ed-Joop;\O S)"Sllolli 1I.~ill;'>; n tmlllllpllce

1"0nditioll with a Fried pMalllclt'r of 1'0 = 1O.8ii Clll. The waflll' palll'l'li WIIS indul'ed OlitO IIII' [)i\1. liS IlIcllliolled

ill S('!'l iOIl 1.2, amI begull to dl'gTlIdt' t 1](' s)'st elll PCl'fOl'lllHltI"(' lit fl"llllll':!O liS t he mod!' began t (l lllTlIlIllllat e. The

GlIll~sillll filter was 1101 1l1'l'li"ll ill litis datn rim ilnd lite IIIIWlllll"'!lIl\lde WilS 1111011",--,<1 to t'Olllilllll' 10 spatially

propngalC across tllC' D\1. 'I'hl' willllP indllCelllCll1 stops lit fnlllll' ,](Ialld lIu' hcgills to slowly dissiphl(' O\'cr tilile

1ll'l'lIllsC Ille I(,ilk)' illtegrillor g,till ill the s(,l"I'O-l'ontroll('r is Sl'l 1(" (I = 0.90, The dissipillioll i~ a ..haracteristic

of tlll' llIethod lIsed to artilidlilly plllct' tIle WHmp 011 Ih(' IHI. as 1lI1'IItioned ill Section 'l.~. TIll' (optical bC'lldl

1Is('(1 ill this rpSC'arrh hilS low uoisl' I('\-('Is nnd was Cill'dlllly Illi~III~1 so \\'111"'11 wall1l"' WIIS 110 IOllg('1' l"(llIllIlalldcd
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Fil;lIr., ;" Str...hl mtio nlld "'ulll.' HI"'llllllllalioll (\'u). /'0 = IlLll" nil. Till' ~patinl filll'r is tun,,'d 011 alld ,lissipatps th ...
WlIfIlt,.

lit fmllle 10. the If'nky illtl';.;rntor ;.;aill was able to gradlllllly d(~TI'aM' I lit· IllIlOllllt of tll(, 1I1l0hSl'l"\'l'{l lIIode. The
eOllllllalld('(! wofllc ill Ihi'S(' f'XIU'rillll'1l1S sIIO\\' the f'ff('('b It lin.... 011 tllP pl'I'forlnf\nc'C' of IhI' s.\':.Ielll. as shown by
Iht· dl'(;ren.'l' III Sirchl ..,,110 ill n'bl lOll 1o t hl' lll<lgllil11cll' I)f I JII' I1II11k· ... dp\·l'IOPIllClil.

Tilt, 1:I11lilC cxpcrillLl'llllll nllll!it iOlIS w('((' r('lwill f'(! i'l IUI'JII...r (Inl a I'llll ('x(epl I h(' "JIIII ial fill ('I' 1I'n... act i\'alOO
1}('lw(~'l1 fmllle'S II-U; whic'lI Ill'gllll al Ihl' pl'ak acclIlllLlbliolL poilU of Iht, \mflle. as sllowtl ill Figure 5. The
spll1i.lllihl'r is 1I1lpiiNI for Ii\'(, fra'lIl'l; aud Ih('ll disl'lI;!;n;.\I'd. Fi;.\I1,·.·(ia dbplnys 111(' ('()IILllLlIllds hdllg S{'lll 10 Ihe
D:\ I III I lie maxinllllll w/lfIll' H('('1II1l1l1111 iOlL pOilll. The lIIod(,s dl.'(·kl'rl·d llppCllralK"t.' b. disl illd h·,·ly aplJafelLl alld
b H'rilil'll wil h II \It< = :IIS. :.i}\lIif.\'ilLg 1\ Jar~c rorr('lm iOll 10 wIIIIII' llll I Ill' tl:\leollllll1lm!s. lL'i shm\'l1 b.\· Figure 6c.
Spal illll.\' hlrPrillg 11](' l"OtlLlILlllllls J.It.'1 W('('II fmllll'S 11- 16 di....... iJ ,:1l.~1 111(' wllfllc while rNllillillg IIII' lowf'r fr('(lul'llcy
C'0I11I'1l1 or I Ill' phn.-;f'. Figllrp:- {iI, lllld Gd show ,hI' ('OllllllallCb I...illg ~1'1I1 10 D:\I al fn,III<-' I;, l\lld IiiI' amOll1ll of
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10.85

tlilllillishf'd II'llflh' 11'11 It II II", '= 1:3, l"espccliI'et.v. TIl(' nbilil.\" 10 1IlllililHili lliosl 01'111(' illl<Jl"lIll1t iOll of (II(' COllllllilllds

nllows IIII' An ii'yiil('111 to 1"I'I1II1ill cloSClI,.\'d ('Iem's 0111 tll(, 1I1111"i1l1il~IIIIOlk'loII IIq~ligibl(' IIla)..(IIi1,llde.

'I'll(' 11lf'1l1l SI rl'hl !'lIt!\) of I Ill' j\O SYSIPIIi IIsing til(' lurlmlellce cOlldit i,nls ill Figlln,s ,IIIIHJ :., wil,IIOlll, illtrodllc­

illP; 11'11111(' 01' lill ('I'i 11g;, i.~ i1111 )I'OXlllllll ely Il.(i. F'l"iIlllf'S 80-1 on 011 clll'll Ilillll 1"1111 IliI\'I' si III illlt" Si n'hl ml ios, t hougll

cfleh Iill\'f' dill"t'l'l'1I1 I1ITlIlllllllltlO\lS of wl1l1l .... I,'iglll'(, 'I II;!s all H\'('t"I\/!;P \/", = fiO 0\'1'1' tlll'St' fnwlcs, wliil(' Figmc 5

has a lIegligible a11lO\l1l1 of II"nftk. This suggesl:> tll<ll llle 1\0 s,,"Slelli lin;,; iI 11il"I'slHlld 10 1111' lIlode wilich it call

0l)('rill(' 1111(11'1' 1.1'1"01"(' 111<.'n' is H 1I1iljor (!pgrnd<tlioll ill I he perfOrllllllll'C' of 111(' Syslt'lil '!'Ilis Illlillysis el11l bl' used

10 dell'nllil)(' IIQ\\" 1ll111'h \\'11111(' ilCCllllllllnlioll, \/".. is ac{'eplabl.. Iwf()l"(' III(' S.\'Sll'tll slll>\Ild I)L' IlI"li\'el,\' spiltially

filtf't'('d Illiti/m SIl!;g(osl all adjllst 111('111 ill 0"..

6. CONCLUSION

This pnpel' Ilisl'II"'';I'S n ledl1li'llll' to detecl lllltlllliligHlc Ihe II'afllp IIlOdl' ill lIlt' ('OlllllllllltiS SPIll 10 Ihe D\I IIsillg

Il ('01l\'('111 iOllfLl IHlnpl i\"('·opt ics syslel1l, The lIlode is llllohsen'ahle ill I Ill' phaSL' s]lace using II SI I \\'FS alld Fried

sall\plillg W'OIIII't ry. 11111 hCI'llllSI' 1he walllc !JlIlll'rll 1111 illlill ely dc\"t:lop.<; 011 III(' l'Ollllllllllds, il 1',\1\ be' monilorcd ill

Ihe [)~I Spill't'. A wallie 11I1'lri(", I~,., WIlS detinet.! ill S(~'lioll 2,2 whit-Ii dt'sl"t'ib('s hOIl" sll"Ollg,ly llie D:-'I commllnds

an' ('orrt'lnl ('d I n II walll(' pail ('1"11. This llWI ric- was lIsed to IlleilS11I"t' 1Ill' d[;,('( i\'I'lIt''''' of splll lilli,\" fill (,l'illg I h(' [)\ I



, .

commands as 1\ method to alleviate the \Vamc. The dl'Iection and mit.igal ion tedmiques \\'('rc experimentally
lesled and verified on a dosed-loop AO syslt'lJI ill Ihe ASAI;r laborlllory. The spal ialfiltering h'chnique dol'S not
J"(·quire any addil ional hardwllre and was shown to Ill' highly effect ivp at mit igat ing for the lJIode in c1ospd-loop
opemt ion. This analysis suggests thaI t hI' techniqul' is a viable opl ion for alleviat ing wallie in operational AO
systems and will be pursued fmt her in fut me research.
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